Small offset always exist in robot joint, which affect the precision in kinematic equations leading to calculate wrong joint angle values. To solve these problems, the proposed method employs a portable 
is improved due to the high precision feedback of the PSD, increasing the accuracy of joint angle measurements that are required to calibrate the robot. From the easily measured joint angle readings, and an identification model, the joint zero offset of industrial robot is calibrated. The effectiveness and accuracy of the method are verified using both simulations and real experiments on an IRB120 robot.
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I. INTRODUCTION
Nowadays, modern production needs more complex process which makes great improvement for industrial robots. The improvement depends on two important features inherent to industrial robots: repeatability and accuracy. Typically, industrial robots attain high repeatability levels and are able to successfully perform their tasks because they are mainly used in repetitive applications.
These repeatability values clearly demonstrate the high mechanical quality of these manipulators and their precise positioning capacities. In these cases, repeatability of a robot is all that matters and the accuracy is not important. However, in the offline programming, accuracy is a significant concern. Unfortunately, Experience has shown that industrial robots have much lower accuracy than repeatability [1] . Hence, different methods for robot accuracy enhancements have been shown in extensive literatures, especially for industrial robots.
Although there are several sources of inaccuracy, (e.g. thermal expansion, gear errors, structural deformations, or even incorrect knowledge of link and joint parameters) the main source of inaccuracy lies in kinematic model parameter errors. It has been shown that as much as 95% of robot positioning inaccuracy arises from the inaccuracy in its kinematics model description [2] .
As we know, the majority of the kinematic parameters, (e.g. arm length, link offset, and link twist angles) are related to the structural mechanics of the manipulator. Typically, these parameters do not change too much after the robot is shipped and installed in the manufacturing areas. However, some kinematics parameters such as zero offset might be affected by the assembly or the replacement of motor and encoder. In this situation, the kinematic calibration, also called geometric calibration, is used to improve the position and orientation accuracy of the industrial robot by identifying inaccurate and unknown kinematic model parameters that either minimize the error caused by the manipulator or better fit the robot's actual kinematics. Indeed, numerous robot kinematics parameters calibration systems and methodologies have been developed in both academia and industry.
Of the large number of robot calibration techniques documented in the literature (in terms of measurement systems used in data capture, constraints, or sequencing data sampling and later treatment [3] ), it is possible to classify them as two types:
(1) open-loop methods and (2) closedloop methods. Open-loop methods involve measuring the real end-effector pose, which requires special external measuring devices (such as theodolites [4] , inclinometers [5] , Computer
Numerical Controlled (CNC) machines [6] , Coordinate Measuring Machines [7] , and laser tracking system [8, 9] ). Due to the fact that such equipments are certainly not much more affordable (a laser tracker still costs more than $100,000) or their procedures are time consuming, they are difficult to be used extensively in the manufacturing plants.
Closed-loop methods are based on a closed kinematic chain by fix one or more of the position and orientation constraints to the end-effector. This allows the establishment of an equation system to determine a set of parameters, which is known as a self-calibration technique. As much in the literature as in practice, closed-loop methods are more widespread and have received much more attentions because an external measuring device is not necessary. Ikits et al. [10] and
Zhuang et al. [11] imposed plane constraints on the end-effector positions. Alberto et al. [12] measured the poses of a robot by matching the pin of the end-effector to a hole on a dime.
Meggiolaro et al. [13] used a single endpoint contact constraint, equivalent to a ball joint. The robot moves to different configurations that satisfy the physical contact constraint. These methods are problematic because they need some external physical contact constraints and suffer from their manufacturing accuracies.
To solve the problem, some methods based on an uncontract constraint have been proposed.
Unlike previous closed-loop methods, these approaches do not require any physical constraints.
Newman et al. [14] and Chen et al. [15] used a laser line as a virtual linear constraint on the endeffector positions allowing the end effector to slide along a line. Gatla et al. [16] proposed a new method called "virtual closed kinematic chain". In their method, a laser pointer tool, attached to the end-effector, aims at a constant but unknown location on a fixed distant object, effectively creating a virtual closed kinematic chain. However the coincidence of the end-effector position with the line or point is judged by the operator.
Among the existing robot calibration methods, the optical approach using Position Sensitive Detector (PSD) for robot calibration is one of the best choices since it promises high precision, fast response, and a low computational load. Liu et al. [17] described a virtual line-based singlepoint constraint approach. This approach relies mainly upon a laser pointer attached on the endeffector and single PSD arbitrarily located on the work cell. By aiming the laser lines at the center of the PSD surface with seven different robot configurations at least, various sets of robot joint angles can be recorded. Simulation and experiment showed that the zero offset can be estimated based on these recorded angles. However, the method is time-consuming and its effect is related to the robot configuration.
In this paper, we propose a systematic virtual linear constraint method for industrial robot zero offset calibration. The developed method employs a focusable laser point (FLP) and a portable dual PSD device. The portable dual PSD device comprises of two fixed PSDs tilted in an angle to reflect the laser line from one PSD to another. To implement the developed method, the FLP, attached at the robot end-effector, aims the laser beam at the center of PSD1 and the laser beam is reflected off the PSD1 surface with a direction towards the center of PSD2. Then we can get a line which pass through the centers of both PSDs. Its reflect line is the virtual linear constraint in our method, which means that the robot end-effector, together with the laser point, are constrained to move along the reflect line. The portable dual PSD device is arbitrarily located, so its position and orientation with respect to the robot are unknown. During the whole calibration process, the procedure of aiming the laser beam at both centers of the two PSDs only repeats three times, so the approach is simpler and less time consuming. Once the above process has been done, various sets of robot joint angles will be recorded. Based on the recorded joint angles and robot forward kinematics, a robot calibration method is developed. In terms of the mathematic solution of the procedure, our proposed method also uses non-linear, iterative optimization techniques to identify the robot calibration parameters from the data that is recorded from different mechanism positions and orientations; this process helps minimize the error. We select the traditional Gauss-Newton nonlinear least squares method [18] to solve the optimization problem and identify the zero offset. Both simulations and experiments on an ABB IRB120 industrial robot were implemented to verify the efficiency and accuracy of the proposed method as well as the feasibility of the newly developed calibration system. This paper is organized as follows. Section II describes the new zero offset calibration methodology and its system model. Sections III and IV present the simulation results and the experimental results on an IRB120 industrial robot, respectively, to verify the effectiveness and the accuracy of the proposed calibration method. Our conclusions are presented in Section V.
II. CALIBRATION METHODOLOGY
a. Calibration system model Figure 1 shows the schematic model of robot offset calibration system, which mainly consists of a robot, a laser and adapter, a portable dual PSD device.
The robot is modeled from a 6-DOF (Degrees Of Freedom) industrial robot. A focusable laser pointer with its adapter is mounted and rigidly fixed on the robot end-effector. The laser beam is adjusted to align its orientation toward the X-axis of the End-effector frame {E}. Two PSDs are arbitrarily located on a fixture. The location of fixture with respect to the Robot base frame {B} is also arbitrary and unknown. We adopt the segmented PSD for its high precision feedback. The 
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Note that joint 1 is dependent on the robot base frame {B}. So in (4), there are five unknown parameters, i.e., the last five offsets ( ) 
Because all these positions ( ) 
where ( ) ( ) Since this is a quite complicated optimization problem with 5 parameters, at least 3 sets of robot joint angles are essential, i.e., 3 N ≥ . The Gauss-Newton nonlinear least squares method will be used to minimize the total sum of the squared errors.
III. CALIBRATION WITH PRECISE DATA IN SIMULATION
The MATLAB simulations of the calibration experiment were performed as a proof of concept.
An ABB IRB120 robot was modeled using its coordinate frames definition (see figure 2 ) and D-H parameters (see Table 1 ). In the simulations the laser pointer was attached on the end-effector to align the laser line with the X-axis of the robot end-effector frame, the same way we did for the experimental system design. A virtual PSD feedback device was also built and used to accurately aim the laser beam at the center of PSD, so that the simulations could find various robot configurations along the Table 2 ), so that the calibration parameters could be identified by the proposed method with 3, 4,5, 6 or 7 N = . In Table 3 , the results of the calibration simulations together with the deviations relative to synthetic offset values are shown. Column 2 shows the synthetically generated offset parameters. In the minimization routine, no matter how many different configurations were introduced, the solution can be obtained with error residue less then 1e-12 within the first three iterations. The procedure is continued to show the convergence. The calibration experiment was performed on a real IRB120 robot as shown in Figure 3 . The locations of laser spot at both PSDs were wirelessly [20, 21] transferred to the computer.
The experiment was repeated multiple times with different positions of the portable dual PSD device, and the identified parameters resulting from these calibrations (which should all be the Table 4 shows the results of the calibration of the real robot. Column 2 shows the initial parameters used in the Gauss-Newton minimization routine, i.e., the industrial model parameters provided by the factory controller. Column 3~8 show the identified parameters from multiple trials. Column 9 shows the mean value of the parameters and column 10 shows the standard deviation of the parameters from multiple trials. The standard deviation of the solution was small To test the accuracy of the calibration procedure, the portable dual PSD device was located at a fixed position and the laser line was aligned to hit the center of both PSDs using various robot configurations. The accurate positions of robot end-effector were computed for each configuration using calibrated parameters. These positions usually do not locate at a common line.
Therefore, a common closest line which is closest to all the positions was found. The projections of all the positions onto a plane normal to this common closest line were plotted. The larger the error in the parameters, the greater will be the scattering in the projected positions.
The errors in the projection using calibrated parameters for real robot are shown in figure 4.
Since the robot was aiming at the same point from various robot configurations, all of the projected points should be coincident. The spread of these projected points relates to the accuracy of the calibrated parameters of the robot. Figure 4 shows that the spread of projected positions.
The standard deviation of the radius of spread was only 14.2μm. Therefore we can also claim that an accurate joint offset calibration results can be received by our new dual PSD methodology.
V. CONCLUSIONS
An effective and accurate calibration method is developed for industrial robots. Most of the previous methods that calibrate a robot use the pose of the end effector measured by some external equipment. The accuracy of measurements of the end-effector's position and orientation is limited by the measuring equipment and its resolution. Other closed-loop methods using physical constraints, such as linear, planar, or other endpoint constraints are difficult in maintaining the end-effector constraints, or limited by the manufacturing accuracy of constraints.
The proposed method uses a focusable laser point, attached on the robot's end effector, to aim at a portable dual PSD device. By projecting the laser point onto the both centers of two PSDs at the Figure 4 . Deviations using calibrated parameters for IRB120 robot same time, the method limits the robot end-effector to a virtual linear constraint. Due to the high precision feedback of PSD, the resolution of observations is improved, increasing the accuracy of measurements of the joint angles required for accurate calibration of the robot. The method is verified using both simulations and real experiments on an IRB120 industrial robot.
